Introduction
============

The importance of knowing the spatial distribution of genetic diversity of "widely" distributed species cannot be underestimated. Current spatial organization of diversity is a window to the past and, through phylogenetic analysis, provides insights into the history of taxa ([@ref-30]). Moreover, this knowledge allows the detection of distinct evolutionary lineages or even cryptic species and ultimately guides management and conservation efforts of these taxa.

Distinct evolutionary lineages and cryptic species are frequently discovered without *a priori* intention during phylogenetic, phylogeographic, and population genetic surveys ([@ref-74]), and are not restricted to poorly known or small and obscure taxa. They are also observed in large charismatic taxa (e.g., river dolphins ([@ref-41]), giant Galapagos tortoises ([@ref-76]), tegu lizards ([@ref-70]), and silky anteaters ([@ref-63])). These cases are particularly common in the tropics whether in the Neotropics (see above) or in the Paleotropics (e.g., African elephants ([@ref-82]), species of giraffes ([@ref-27]), a new species of orangutang ([@ref-71])).

African crocodiles of the genus *Osteolaemus* also comprise three deeply divergent molecular lineages ([@ref-24]) subsequently delimited but not described as new species by [@ref-94]. These *Osteolaemus* lineages are morphologically divergent ([@ref-9]; [@ref-24]). *Crocodylus niloticus* and the resurrected *C. suchus* were unambiguously discriminated using DNA data and, although these data are not yet published, also show fixed discrete and non-overlapping continuous character variation ([@ref-39]). The genus *Mecistops* also contains two lineages delimited as new species by [@ref-94], and a recent revision of the genus resulted in the revalidation of *Mecistops leptorhynchus* for one of the lineages, with the other lineage being *Mecistops cataphractus* ([@ref-93]). More recently, South American crocodilians were also shown to possess intraspecific lineages with highly restricted gene flow. [@ref-69] have shown that the Cuvier's dwarf caiman *P. palpebrosus* comprises at least three lineages---Evolutionarily Significant Units (ESUs) occupying the Amazon, Madeira-Bolivia and Pantanal basins---and the authors speculate that *P. palpebrous* could be a complex of cryptic species hidden under the same scientific epithet. Independent of being recognized as distinct species or formally described as such, these crocodilian lineages are the direct outcome of evolution, and thus their recognition and study is necessary to comprehend the evolutionary history of this group. Only by focusing on lineages rather than on described species, can we hope to understand the evolutionary history of the studied group ([@ref-108]).

The Schneider's dwarf caiman *Paleosuchus trigonatus* (Schneider, 1801), the sister species of *P. palpebrosus*, is one of the smallest of living crocodilians ([@ref-54]). It inhabits small streams and rivers within densely forested habitats ([@ref-55]), open waters often near rapids ([@ref-101]), igapó forests---seasonally flooded forests on white sands soils---of central Amazon ([@ref-97]), the Branco River-Rupununi savannas ([@ref-68]), and the transitional forest of the Amazon/Cerrado biomes in the headwaters of the Juruena River ([@ref-10]). Despite its wide distribution, *P. trigonatus* is rarely observed. In central Amazon, adults spend most of their time in terrestrial retreats, hidden in burrows, hollow logs and debris cavities under fallen trees. They occur at low densities and have a small home ranges, with males being strongly territorial ([@ref-57]; [@ref-12]). Major threats to the species include habitat destruction, deforestation, mining, and highway/road construction, which in turn leads to urbanization, pollution and local hunting ([@ref-56]; [@ref-11]). Hydroelectric dam construction and the filling of the dam also leads to habitat and nesting site destruction, leading to the displacement of individuals into areas where the risk of mortality is increased or areas with less nesting habitat ([@ref-10]).

Although phylogenetic relationships among caimans are well established ([@ref-42]; [@ref-72]), there are no intraspecific genetic studies of *P. trigonatus*. Due to its broad geographic distribution, cryptic behavior, and small home range, *P. trigonatus* is well suited for testing for the presence of multiple evolutionary lineages, their spatial distribution and their evolutionary history. Therefore, we used the mitochondrial cytochrome *b* gene (cyt *b*) to calculate genetic diversity parameters, infer population genetic structure, and to test if instraspecific lineages within *P. trigonatus* exist and when they diverged, through the use of phylogenetic reconstruction, single locus species discovery and molecular calibration methods. Cytochrome *b* is a versatile molecular marker most useful for phylogenetic inference at or below the family level ([@ref-61]; [@ref-14]).

Materials and Methods
=====================

Study area and sample collection
--------------------------------

We sampled 230 *P. trigonatus* specimens from 42 localities within the known distribution of the species ([Fig. 1](#fig-1){ref-type="fig"}). The northern--most locality sampled lies in the Branco River basin (Amajari --3°50′N, 61°26′W), the southern--most in the Juruena River basin (São José do Rio Claro --13°31′S, 56°37′W), western--most in the Japurá River basin (Japurá River --1°50′S, 69°20′W), and the eastern--most in the Tocantins River basin (São Pedro da Água Branca --5°60′S, 48°20′W). We also included samples from Peru (Pacaya--Samiria National Reserve --5°13′S, 74°34′W; Puerto Maldonado --12°35′S, 69°10′W; Ucayali River --[EU496862](http://www.ncbi.nlm.nih.gov/nuccore/EU496862), ([@ref-105])), and French Guiana (Tampok River --2°55′N, 53°38′W). All localities, coordinates, and number of samples are listed in [Table S1](#supp-1){ref-type="supplementary-material"}.

![Map showing all the sites sampled in this study, results of the BAPS analysis and haplotype network based on the mitochondrial cyt b gene.\
The colors represent the cluster to which the analyzed individuals belong based on BAPS assignments. The points with two colors on the map indicate sites where haplotypes assigned to different groups were found. Each cluster is also highlighted in the haplotype network, indicating the Amazonia lineage (red and green) and the Guiana lineage (purple and blue). Shaded area represents the species geographic range currently accepted by IUCN ([@ref-19]). The orange highlighted area in Branco River comprises relicts of the paleodivisor Amazon/Proto-Berbice (Parima, Demini, Apiaú, Mucajaí, Mocidade, Grande, Lua, Anauá, and Acaraí mountain ranges). White boundaries to the north and south of the Amazon River represents the Guiana and Brazilian shields, respectively. The map was constructed in QGIS and the final graphic in Inkscape.](peerj-07-6580-g001){#fig-1}

We removed one or two tail scutes of adults, subadults or juveniles after capture and marking during nocturnal surveys, stored them in tubes containing 95% ethanol and deposited them in the Universidade Federal do Amazonas animal tissue collection (CTGA) under individual ID tags. We captured and sampled all individuals under license granted by the Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renováveis (IBAMA, permits \#49641-2 and \#13048-1). ICMBio/IBAMA field collection permits are conditional that collection of organisms be undertaken in accordance with the ethical recommendations of the Conselho Federal de Biologia (CFBio; Federal Council of Biologists), Resolution 301 (December 8, 2012). Access to genetic resources was authorized by permit number 034/2005/CGEN.

Molecular data
--------------

We extracted whole genomic DNA using 2% CTAB solution (2% CTAB, 1.4 M NaCl, 20mM EDTA, 100 mM Tris HCl, 1% PVP) ([@ref-22]), with an addiction of 15 mg/mL Proteinase K. We PCR-amplified the mitochondrial cytochrome b gene (cyt b) using primers GluCRf.1 (5′-CAACCAAAACCTGAGGYCTGA-3′), and ProCRr.1 (5′-ATTAGAAYGTCGGCTTTGGGG-3′), following protocols described by [@ref-42]. We used Exonuclease I --Shrimp Alkaline Phosphatase (ExoSAP) to purify PCR products which we then used for fluorescent dye terminator sequencing using primers CytbCRf.1 (5′-ATGACCCACCAACTACGAAAA-3′), and CytbCRf.3 (5′-CCATACATYGGAGACACCAT-3′) ([@ref-42]), following the manufacturer's recommended protocols for ABI BigDye Terminator (Applied BioSystems, Foster City, CA, USA). We precipitated the sequencing reaction using 100% Ethanol/125 mM EDTA solution, resuspended it in Hi-Di Formamide, and resolved it on an ABI 3500XL automatic sequencer (Applied Biosystems). We organized and verified the nucleotide sequences in the program Geneious 6 ([@ref-46]), using Clustal W ([@ref-99]) to perform an automatic alignment followed by final verification by eye. We observed no indels. We translated sequences into putative amino acids, and no internal stop codons were found. We deposited the sequences in the GenBank under accession numbers [MH757465](http://www.ncbi.nlm.nih.gov/nuccore/MH757465)--[MH757694](http://www.ncbi.nlm.nih.gov/nuccore/MH757694).

### Single locus species discovery

For single locus species discovery analyses we first merged the alignment of *Paleosuchus trigonatus* sequences with the Cytochrome *b* alignment of *Paleosuchus palpebrosus* ([MH846341](http://www.ncbi.nlm.nih.gov/nuccore/MH846341)--[MH846546](http://www.ncbi.nlm.nih.gov/nuccore/MH846546)) and then reduced the dataset to unique haplotypes using the function hapCollapse (<http://github.com/legalLab/protocols-scripts>). We then generated a Bayesian Inference phylogeny using the software BEAST2 ([@ref-6]) using the HKY+gamma model of molecular evolution ([@ref-38]); this model was chosen using the Akaike Information Criterion with correction (AICc) for model selection as implemented in the program jModelTest 2.1.10 ([@ref-75]). We ran two independent runs, generating 20 million topologies in each replicate. After checking for stationarity and convergence of the two chains in Tracer 1.7 ([@ref-78]), we combined the two runs, subsampled and burned-in the topologies to produce a final dataset of 3,000 topologies which we used to produce a maximum credibility tree in TREEANNOTATOR ([@ref-6]).

We used the maximum credibility tree as input for three single locus species discovery analyses: GMYC, the general mixed Yule coalescent model ([@ref-29]); bGMYC, a Bayesian implementation GMYC ([@ref-79]); and mPTP, the multi-rate Poisson tree process method ([@ref-45]). For GMYC, we used the package splits_1.0-19 ([@ref-29]); for bGMYC, we used the package bGMYC 1.0.2 ([@ref-79]). Since rooted phylograms are required input for mPTP, we optimized the topology, branch lengths, and gamma rate parameters of the maximum credibility tree using the optim.pml function of phangorn_2.3.1 ([@ref-90]), all implemented in the R statistical software v3.4.1 ([@ref-77]). For mPTP analysis, we used the stand alone software mptp 0.2.3 ([@ref-45]) using the optimized tree as input. Results were visualized using ggtree ([@ref-109]), also implemented in R.

### Divergence-time estimates

Following single locus species discovery analyses, we chose the most frequent haplotype from each lineage discovered in the GMYC analysis and combined these haplotypes with outgroup sequences from *Alligator mississippiensis* ([EU496863](http://www.ncbi.nlm.nih.gov/nuccore/EU496863)), *A. sinensis* ([AF432918](http://www.ncbi.nlm.nih.gov/nuccore/AF432918)), *Melanosuchus niger* ([EU161675](http://www.ncbi.nlm.nih.gov/nuccore/EU161675)), *Caiman latirostris* ([EU161674](http://www.ncbi.nlm.nih.gov/nuccore/EU161674)), *C. yacare* ([JF315314](http://www.ncbi.nlm.nih.gov/nuccore/JF315314)), *C. crocodilus* ([EU161660](http://www.ncbi.nlm.nih.gov/nuccore/EU161660)) and *Paleosuchus palpebrosus* ([MH846344](http://www.ncbi.nlm.nih.gov/nuccore/MH846344), [MH846457](http://www.ncbi.nlm.nih.gov/nuccore/MH846457), [MH846503](http://www.ncbi.nlm.nih.gov/nuccore/MH846503)) ([@ref-33]; [@ref-42]; [@ref-72]; [@ref-69]). We inferred the divergence time between main lineages of *Paleosuchus trigonatus and P. palpebrosus* using the add-on package CladeAge ([@ref-60]) implemented in the Bayesian software BEAST 2 ([@ref-6]). We also used the package bModelTest ([@ref-5]) to estimate the best site-substitution model.

For divergence-time estimation, we used the lognormal relaxed molecular clock ([@ref-23]), the birth-death tree prior ([@ref-32]) with default priors for the birth rate and the relative death rate, and a random starting tree with a root height value of 90 Ma, older than the currently accepted divergence between Alligatorinae-Caimaninae (71--66 Ma) ([@ref-67]). Following [@ref-4], we set four fossil constraints as calibration points for the CladeAge model: †*Navajosuchus mooki* as the oldest known Alligatorinae, †*Brachychampsa sealeyi* as the oldest known Caimaninae, *Caiman cf. C.* †*brevirostris* as the oldest known *Caiman* and Jacarean, and *Paleosuchus* sp. as the oldest known *Paleosuchus* fossil record. For the CladeAge net diversification rate parameter, we used the minimum (0.006007672) and maximum (0.023543042) values for Alligatoridae diversification rate estimated by [@ref-92], and default values for the turnover rate and sampling rate parameters. Fossil age ranges, CladeAge parameters, and its references are listed in [Table 1](#table-1){ref-type="table"}.
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###### Divergence-time estimates (median and 95% HPD) within Alligatoridae crown group using fossil calibration points (highlighted in bold) and the Clade Age calibration method.

Clade Age model parameters are listed below.
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  **Clade age calibration**                                                                                 
  --------------------------- ----------- ------------------ ------------------------------- -------------- ------------
  1                           90.72       71.61--127.59      --                              --             --
  **2**                       **57.23**   **37.8--86.1**     *Navajosuchus mooki*            63.3--67.1     [@ref-64]
  **3**                       **60.08**   **42.09--86.3**    *Brachychampsa sealeyi*         70.3--84.9     [@ref-107]
  **4**                       **28.23**   **18.12--42.89**   *Paleosuchus* sp.               11.8--13.8     [@ref-85]
  5                           4.17        2.08--6.78         --                              --             --
  6                           3.08        1.55--5.42         --                              --             --
  7                           0.52        0.05--1.31         --                              --             --
  8                           7.5         4.2--12.34         --                              --             --
  9                           0.98        0.21--2.18         --                              --             --
  **10**                      **37.36**   **24.5--54.64**    *Caiman* cf.*C. brevirostris*   17.21--18.27   [@ref-96]
  **11**                      **22.13**   **13.88--33.27**   *Caiman* cf.*C. brevirostris*   17.21--18.27   [@ref-96]
  12                          7.32        4.11--11.89        --                              --             --

**Notes.**

Net diversification rate (min--max): 0.006007672--0.023543042 ([@ref-92]).

Turnover rate: default.

Sampling rate: default.

We ran three MCMC simulations of 20,000,000 generations, sampling tree topologies and parameters every 1,800 generations, discarding the first 10% generations as burn-in. We used the software Tracer 1.7 ([@ref-78]) to check convergence of chains and parameters by comparison of the ln likelihood values and effective sample size (ESS \> 200).

Population structure analysis
-----------------------------

To explore the population genetic structure within *P. trigonatus* we used a Bayesian clustering analysis implemented by [@ref-17] in the program BAPS 6.0. We used all individual sequences in the dataset, and a set of K values between 2 to 8 as *a priori* information for the clusters (assuming a total of eight drainages sampled), with 10 repetitions for each value of K. We assumed clusters with the lowest log (marginal likelihood) values and highest posterior probability to be the best fit for the data. We used Arlequin 3.5 ([@ref-26]) to estimate number of haplotypes, segregating sites, haplotype and nucleotide diversity, Tajima's D ([@ref-98]), and Fu's Fs ([@ref-28]) neutrality tests for each cluster.

We performed a Mantel test to test the correlation between genetic distances and geographic distances between the sampled localities ([@ref-58]). In this analysis, we provided a matrix of Euclidean geographic distances and a matrix of pairwise Φ~*ST*~ values ([@ref-106]) to verify if the population structure could be explained as a function of geographic distance. We used a pairwise Φ~*ST*~ population structure between river drainages matrix as input for a non-metric multidimensional scaling analysis (MDS) ([@ref-49]) utilizing the isoMDS function of the MASS package ([@ref-104]) in the software R ([@ref-77]). This analysis consists of representing in a K-dimensional space (defined a priori) an array of dissimilarities or relative distances generated from pairwise comparisons between objects. We used a value of *k* = 3 for the number of dimensions (after checking stress values and the Shepard diagram) and default settings of the function. We evaluated the goodness-of-fit by analyzing stress values, where values 0.05 \< 0.2 are considered poor and \<0.05 excellent. We also plotted the dissimilarity matrix between the drainage basins in a three-dimensional scatterplot created using the R package scatterplot3d ([@ref-50]).

In order to visualize the genealogical relationships of the Cytochrome *b* haplotypes, we generated a haplotype network in the software HAPLOVIEWER ([@ref-86]). For the construction of the network, we used as input all *P. trigonatus* sequences and a maximum likelihood phylogeny of these sequences estimated in the program PhyML 3.2 ([@ref-37]) under the TrN+I+G model of molecular evolution inferred in the program jModelTest 2.1.10 ([@ref-75]).

Results
=======

We obtained a total of 1,020 bp of the mitochondrial Cytochrome *b* gene (89.24%, 1,143 bp) after the alignment and manual edition of 230 samples of *P. trigonatus* from 42 localities. We observed a total of 36 haplotypes with 57 polymorphic sites, where 47 sites were parsimony informative and 10 singletons. Most frequent haplotypes were H8 (68/230), H7 (41/230), and H4 (32/230), representing 61.30% of the dataset. Uncorrected p-distance between haplotypes varied from 0.1 to 3.6%. All haplotypes, polymorphic sites, nucleotide position, and number of individuals per haplotype are listed in [Table S2](#supp-2){ref-type="supplementary-material"}. Relationships between haplotypes was visualized as a haplotype network in [Fig. 1](#fig-1){ref-type="fig"}.

![Maximum clade credibility chronogram generated using BEAST.\
Maximum clade credibility chronogram from 9,000 posterior trees generated using BEAST. Dataset comprised 36 unique haplotypes of *P. trigonatus*, and 22 unique haplotypes of *P. palpebrosus* ([@ref-69]) cytb sequences (1020 aligned base pairs). Bayesian posterior probabilities above 0.95 are shown as dark nodes. MPTP and bGMYC single locus species discovery methods resulted in the discovery of five lineages, two of *P. trigonatus* and three of *P. palpebrosus* (see also [@ref-69]). GMYC resulted in the discovery of six lineages, representing population structuring identified by other analyses carried out in this study.](peerj-07-6580-g002){#fig-2}

Single locus species discovery analyses
---------------------------------------

We performed three different single locus species discovery analyses. All three were congruent in identifying five principal lineages of *Paleosuchus*, three lineages of *P. palpebrosus* and two lineages of *P. trigonatus* ([Fig. 2](#fig-2){ref-type="fig"}). GMYC additionally subdivided the Amazonian (ex. Branco River) lineage of *P. trigonatus* into two geographically structured clades east and west of the north-south flowing Negro and Madeira rivers. This division is also clearly evident in the haplotype network ([Fig. 1](#fig-1){ref-type="fig"}). All three methods of single locus species discovery analyses recovered the three lineages of *P. palpebrosus* reported in [@ref-69].

Phylogenetic analysis and divergence-time estimation
----------------------------------------------------

Bayesian timetree recovered a well supported phylogeny; with exception of support for the phylogenetic position of Amazon and Pantanal *P. palpebrosus,* all nodes were supported by posterior probability values of 1 ([Fig. 3](#fig-3){ref-type="fig"}). The divergence between the Guiana and Amazonia lineages was estimated at 7.5 Ma (95% highest posterior density (HPD) = 4.20--12.34 Ma) ([Fig. 3](#fig-3){ref-type="fig"}) while the divergence between the central-west and central-east clades of the Amazonia lineage was estimated at 0.98 Ma (95% HPD = 0.21--2.18 Ma). In *Paleosuchus palpebrosus* the basal divergence occurred at 4.17 Ma (95% HPD = 2.08--6.78 Ma), while divergence between the Bolivia/Madeira and Amazon/Pantanal lineages was estimated at 3.08 Ma (95% HPD = 1.55--5.42 Ma). The median and 95% HPD intervals of divergence time estimates are summarized in [Table 1](#table-1){ref-type="table"}.

Population structure analysis
-----------------------------

BAPS clustering method recovered *K* = 4 as the optimal number of clusters of *Paleosuchus trigonatus* (logML = −1002.4532, *p* = 1) ([Fig. 1](#fig-1){ref-type="fig"}). Within the Guiana lineage, the analysis recovered two structured populations with no shared haplotypes: one from Atlantic coast drainages and another from the headwaters and tributaries of the upper Branco River. The Amazonia lineage was also composed of two populations: a central-west cluster and a central-east cluster. While populations at the extremes of the distribution sampled for the Amazonia lineage were composed entirely of haplotypes of either one or the other cluster, central Amazonia populations comprised individuals with haplotypes from both clusters ([Fig. 1](#fig-1){ref-type="fig"}).

![BEAST cytochrome b chronogram for *P. trigonatus* using the CladeAge calibration method.\
Numbers below nodes correspond to time in millions of years and bars represent 95% HPD intervals, where red bars indicates fossil constraints. The colors boxes represents the cluster to which the analyzed individuals belong based on species discovery assignments, indicating Amazonia lineage (red and green) and Guiana lineage (purple).](peerj-07-6580-g003){#fig-3}

Transition between the Guiana and Amazonia lineages occurs in the middle Branco River region, with individuals in the northern section of this region belonging to the Guiana lineage and southern individuals to the Amazonia lineage. We failed to detect co-occurrence of these lineages in any given locality. Of the 43 individuals sampled in the lower Negro River drainages, only four individuals of the central-west cluster were found. In contrast, lower Purus River drainages had only one individual from central-east cluster. Madeira River basin had the most heterogeneous haplotype composition. Upper portions of the Madeira River were almost entirely comprised of central-west haplotypes, whereas the contribution of these haplotypes decreased in downstream localities of the Madeira.

General genetic parameters of *Paleosuchus trigonatus* in each genetic cluster are shown in the [Table 2](#table-2){ref-type="table"}. *Paleosuchus trigonatus* shows high levels of haplotype (0.856 ± 0.015) and nucleotide diversity (0.0119 ± 0.001) considering all samples simultaneously. Analyzing individuals from each cluster separately, the lowest haplotype diversity was found in the upper Branco River (0.116 ± 0.073), and the highest in the central-west cluster (0.748 ± 0.043). This pattern is paralleled by number of polymorphic loci, number of haplotypes and nucleotide diversity. Tajima's *D* was significant for Coastal (−1.6670), upper Branco (−1.7282), and central-east (−1.6848) clusters, while Fu's *Fs* was significant for upper Branco (−1.746), central-east (−10.680), and central-west (−8.669) clusters. Both Coastal and upper Branco had the lowest Nei's haplotype diversity and smallest number of haplotypes.

10.7717/peerj.6580/table-2

###### General genetic parameters of *P aleosuchus trigonatus* genetic clusters.

N = sample size; S = segregating sites (polymorphic); Hap = number of haplotypes; H = Nei's haplotype diversity; pi = Nei's nucleotide diversity; D = Tajima's *D* with simulated *p*-value (alpha = 0.05, 10,000 simulations); Fu's *Fs* with simulated *p*-value (alpha \< 0.02, 10,000 simulations).
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  **Cluster**    **N**   **S**   **Hap**   **H**           **pi**             ***D*(p)**            ***Fs*(p)**
  -------------- ------- ------- --------- --------------- ------------------ --------------------- ------------------------
  Coastal        10      4       3         0.377 ± 0.181   0.00078 ± 0.0006   **−1.6670 (0.018)**   0.058 (0.411)
  Upper Branco   34      3       3         0.116 ± 0.073   0.00017 ± 0.0002   **−1.7267 (0.011)**   **−1.785 (0.017)**
  Central East   99      12      14        0.520 ± 0.060   0.00083 ± 0.0006   **−1.6848 (0.021)**   **−10.680 (\<0.0001)**
  Central West   87      14      16        0.748 ± 0.043   0.00147 ± 0.001    −1.2821 (0.084)       **−8.669 (0.01)**
  Total          230     57      36        0.856 ± 0.015   0.0119 ± 0.001     0.8360 (0.100)        0.402 (0.63)

The result of the Mantel test was not significant, that is, there was no significant correlation between matrices of pairwise Φ~*ST*~ and matrices of Euclidean geographic distance between the sampled localities (*r* = 0.199739, *p* = 0.101900). Pairwise Φ~*ST*~ shows a very high degree of population structuring between river drainages. All comparisons between the Coastal or upper Branco River and other river drainages show Φ~*ST*~ values greater than 0.9 ([Table 3](#table-3){ref-type="table"}).

10.7717/peerj.6580/table-3

###### Pairwise Φ~*ST*~ values between river drainages sampled in this study.

Significant values are in bold (*p* \< 0.0003 after Bonferroni correction ([@ref-80])).

![](peerj-07-6580-g007)

  Φ~*ST*~         **Coastal**   **Upper** **Branco**   **Lower** **Negro**   **Lower** **Purus**   **Aripuana**   **Madeira**   **Upper** **Madeira**
  --------------- ------------- ---------------------- --------------------- --------------------- -------------- ------------- -----------------------
  Coastal         --                                                                                                            
  Upper Branco    **0.9234**    --                                                                                              
  Lower Negro     **0.9670**    **0.9765**             --                                                                       
  Lower Purus     **0.9686**    **0.9824**             **0.7080**            --                                                 
  Aripuana        **0.9577**    **0.9805**             0.0991                **0.6737**            --                           
  Madeira         **0.9221**    **0.9420**             **0.3364**            0.1563                **0.2862**     --            
  Upper Madeira   **0.9592**    **0.9795**             **0.6703**            0.1167                **0.6045**     0.1047        --
  Xingu           **0.9646**    **0.9793**             **0.1453**            **0.7395**            0.1406         **0.3922**    **0.6940**

The 3D plot of the MDS axes shows, in the first axis (NMDS1), a clear dissimilarity between the Coastal or upper Branco River and all other river drainages ([Fig. 4](#fig-4){ref-type="fig"}). The second axis (NMDS2) clearly separates the upper Madeira, Madeira and lower Purus from the Xingu, Aripuanã and lower Negro. It is important to note that the Aripuanã is one of the tributaries of the right bank of the Madeira River but presents a great dissimilarity in relation to the Madeira River. The third axis (NMDS3) separates the Coastal and upper Branco basins.

![River basin dissimilarity scatter plot based on a pairwise Φ~*ST*~ genetic distance matrix between populations of *P. trigonatus* using a non-metric multidimensional scaling analysis (MDS).\
Stress value indicates goodness-of-fit. The analysis was made utilizing the isoMDS function of the MASS package ([@ref-104]) and the scatter plot was made using scatterplot3d ([@ref-50]) in the software R ([@ref-77]). The colors represents the cluster to which the analyzed individuals belong based on BAPS assignments, indicating the Amazonia lineage (red and green) and the Guiana lineage (purple and blue).](peerj-07-6580-g004){#fig-4}

Discussion
==========

The cytochrome *b* gene genealogies of *Paleosuchus trigonatus* show clear evidence of evolutionarily independent lineages. Formal species discovery analyses identified five principal groups of *Paleosuchus*, three lineages of *P. palpebrosus* and two lineages of *P. trigonatus*. With exception of the phylogenetic support for the position of Amazon and Pantanal *P. palpebrosus,* posterior probabilities of all lineages are strongly supported. The GMYC single locus species discovery method discovered additional groups which correspond to substructure within the Amazonia lineage; also evident in haplotype network, BAPS clustering and MDS analyses. Fossil calibration recovered the divergence time between the Guiana and Amazonia lineages of 7.5 Ma, situated at the Miocene/Pliocene boundary ([Fig. 3](#fig-3){ref-type="fig"}).

Based on current fossil record, the number of crocodilian genera decreased from 26 to nine in the Miocene and Pleistocene ([@ref-59]; [@ref-8]; [@ref-89]). In the Amazon, for example, the Neogene (23.03--2.58 Ma) was marked by great geological and climatic changes, such as the terminal state of Andean orogeny, which led to the breaching of the Purus Arch, the transition from a large lake/wetland system in the western Amazon (Lake Pebas) to a river system, and the formation of the modern Amazon River ([@ref-40]). This event is thought to have lead to the extinction of a rich South American crocodilian fauna ([@ref-81]; [@ref-85]; [@ref-66]). One of the hypotheses for the preferential survival of taxa is their geographic distribution ([@ref-43]); species, including crocodilians, with broad geographic distributions are more likely to survive than species with restricted geographic distribution ([@ref-59]). The surviving species would then diversify although this may not necessarily be evident in the morphology of these groups ([@ref-72]; [@ref-94]; [@ref-69]). This pattern is increasingly evident in phylogenetic analyses using molecular markers ([@ref-105]; [@ref-24]; [@ref-39]; [@ref-94]; [@ref-3]; [@ref-62]; [@ref-69]).

Our results recovered a median divergence-time of *P. trigonatus* and *P. palpebrosus* at 28.23 Ma, with 95% HPD intervals between 42.89 to 18.12 Ma ([Fig. 3](#fig-3){ref-type="fig"}; [Table 1](#table-1){ref-type="table"}, node 4), and the Alligatorinae-Caimaninae divergence at 90.72 Ma, with 95% HPD intervals between 127.59 to 71.68 Ma ([Fig. 3](#fig-3){ref-type="fig"}; [Table 1](#table-1){ref-type="table"}, node 1). Previous molecular calibrations recovered divergence-times between 71 to 50.55 Ma for the Alligatorinae-Caimaninae divergence ([@ref-83]; [@ref-72]; [@ref-94]) and the *P. trigonatus*-*P. palpebrosus* divergence at 19 to 17 Ma using mitogenomes ([@ref-83]), 13.64 to 7.54 Ma using species trees ([@ref-72]), and 16.67 to 8.85 Ma using species trees or 11.19 to 0.99 Ma using only nuDNA dataset ([@ref-94]).

All previous studies relied on the Alligatorinae-Caimaninae divergence (71 to 66 Ma) of [@ref-67] as a fossil constraint, which was based on the sister taxon relationship between †*Strangerochampsa mccabei* and alligatorids recovered by [@ref-7]. However, the results of [@ref-4] indicates that the earliest caimanines had a North American origin and some of the taxa previously considered alligatoroids, such as †*Strangerochampsa mccabei,* †*Brachychampsa,* and †*Albertochampsa,* would be the most basal caimanines, pushing the Alligatorinae-Caimaninae divergence further back into the Cretaceous (100--90 Ma). Thus, molecular calibrations such as from [@ref-72], which constrained the Alligatorinae-Caimaninae divergence at 71 to 64 Ma and the Crocodylidae-Alligatoridae origin at 100 or 90 Ma should be at least revisited if [@ref-4] turns out to be a paradigm shift in the early evolutionary history of Caimaninae. Independent of the phylogenetic reconstruction or calibration methods, the divergence of *P. palpebrosus* and *P. trigonatus* estimated from mtDNA datasets is always much older than that estimated from nuDNA. Although at this point speculative, this might be due to introgressive hybridization of diverging lineages marked by their mtDNA genomes as has been observed between *P. palpebrosus* lineages ([@ref-69]) and *Inia* dolphins ([@ref-35]). Although mitochondrial lineages potentially count only part of the evolutionary history of the species, this history is as pertinent as the evolutionary history of the nuclear genome. Furthermore, conflicts, if any, between these histories reflect an added layer of evolutionary complexity beyond simple populations/species divergence. Thus, all histories are relevant and important for the understanding of an organism's evolutionary history.

The divergence-time between the Guiana and Amazonia lineages of *P. trigonatus* was estimated at 7.5 Ma ([Fig. 3](#fig-3){ref-type="fig"}; [Table 1](#table-1){ref-type="table"}, node 8), at the Miocene/Pliocene boundary. Lineage diversification of other species of Caimaninae also dates to the Pliocene and Pleistocene, such as those of the species of *Caiman* and subspecies of *Caiman crocodilus* ([@ref-105]) and lineages of *Paleosuchus palpebrosus* ([Fig. 3](#fig-3){ref-type="fig"}; [Table 1](#table-1){ref-type="table"}, nodes 5 and 6), a trend present in most of South American herpetofauna ([@ref-100]), often linked to major tectonic and palaeogeographical reorganizations (Neogene) or environmental shifts caused by the glacial-interglacial periods (Quaternary) ([@ref-84]). Although it is unclear which events lead to the divergence of the Guiana --Amazonia lineages of *P. trigonatus*, Atlantic coast drainages might have been colonized by populations of the southeast or central Amazon where the H8 haplotype occurs, and which likely was the ancestral haplotype or shares a most recent common ancestor with a haplotype from which the Guiana lineage is derived ([Fig. 1](#fig-1){ref-type="fig"}). Further support for this hypothesis comes from the relatively low genetic diversity of these populations when compared to the Amazon basin populations and the signature of population expansion found in Tajima's D (*D*~Coastal~ =  − 1.667, *p* = 0.018; *D*~Branco~ =  − 1.7282, *p* = 0.011) and Fu's Fs (*Fs*~Branco~ =  − 1.785, *p* = 0.017). Future studies using both mitochondrial and nuclear DNA genomes will allow us to estimate which processes (e.g., vicariance vs dispersal) favored this divergence, which routes the ancestors might have used to colonize the Amazon and Atlantic coast drainages, and to which extent their distributions overlap.

Our results already indicate that a transition zone between the Guiana and Amazonian lineages exists in the region of the middle Branco River. There is evidence that the upper Branco River, the main tributary of the Negro River, flowed SW--NE towards the Caribbean Sea, integrating the Proto-Berbice basin, one of the largest drainage basins in the central portion of the Guiana Shield, during the Late Neogene or Early Quaternary (5.3--0.8 Ma) ([@ref-87]; [@ref-18]). This basin would have been physically disconnected from the Amazon basin due to the existence of highlands and a chain of mountains called the "paleodivisor" Amazon/Proto--Berbice ([Fig. 1](#fig-1){ref-type="fig"}, orange highlighted area), which were eroded by the intensive erosion regime associated with arid and semi--arid climates, initiated in the Oligocene, culminating in its complete destruction in Plio/Pleistocene (1.8--1.0 Ma) ([@ref-88]).

Although [@ref-18] find that "there is an overall lack of geological and geomorphological data to test \[either the paleodivisor hypothesis or any hypothesis based on erosion of highland basement rocks of the Guiana Shield, allowing the connection between adjacent basins\]" (page 23, first paragraph), the authors provide evidence that tectonic and climactic events had a major role in reordering and capturing the drainage of the upper Branco River by the Negro River, an event that would have occurred at least 18.7 Ka in the Late Pleistocene. Other evidence for the existence of the Proto-Berbice basin is the co-occurrence of fish species in the Branco and Essequibo river basins ([@ref-51]; [@ref-52]; [@ref-21]). In fact, the Takutu River, the main eastern tributary of the Branco River, and the Rupununi River, a tributary of the Essequibo River, share 254 freshwater fish species, that is ∼73.8% of the total sampled species ([@ref-21]). Furthermore, there is also evidence of recent connection between fish populations/lineages from the upper Branco River and the Orinoco via the Essequibo (see [@ref-25] and references within).

Considering the above scenario, it is possible to infer that the most likely colonization route for the former Proto-Berbice basin was via the northern Atlantic coast rivers. Populations of the Proto-Berbice would be disconnected from populations of the middle and lower reaches of the Branco and Negro rivers (either by the existence of the paleodivisor or due the lack of a dispersal corridor between these areas) until the drainage capture of some of the former Proto-Berbice headwaters (which currently are Branco river headwaters) by the present-day middle and lower sections of the Branco River. This capture event changed the drainage flow in the southward direction, connecting the upper Branco River with the Negro River, and disconnecting the upper Branco from the Proto-Berbice. These events would explain the co-occurence of both lineages (Amazonia and Guiana) in the middle Branco River and the structure between Branco and Atlantic coast populations. Connections between Amazon basin and coastal river drainages were also claimed in order to explain the unexpected structuring of genetic diversity in the catfish *Pseudoancistrus brevispinis* ([@ref-13]), suggesting a single colonization event from the Amazon basin towards the headwaters of northern Atlantic coastal rivers or via coastal marshes.

The Amazon basin lineage is structured along an east--west gradient, with a sharp transition in haplotype group frequencies to the east and west of the Negro and Madeira rivers. This pattern is also observed in other groups of reptiles (e.g., [@ref-34]; [@ref-48]; [@ref-31]), amphibians ([@ref-95]), and caimans ([@ref-102]; [@ref-103]). [@ref-102] found significant genetic structure between *Caiman crocodilus* sampled in localities of the Amazon basin and Atlantic coast drainages paralleling the pattern found in *P. trigonatus*. While isolation-by-distance was discarded by the authors for *C. crocodilus*, it appears to have been an important structuring factor for *Melanosuchus niger* populations sampled across the Amazon basin and Atlantic coast drainages ([@ref-103]) paralleling the east--west divergence observed in *P. trigonatus*.

We also observed that the Aripuanã River is structured with respect to the Purus and Madeira, its *P. trigonatus* being most similar to *P. trigonatus* of the Negro River basin, although the Aripuanã is one of the tributaries of the right margin of the Madeira River. This biological connection between the Aripuanã and Negro river basins is intriguing, but has been observed in fishes as well (e.g., [@ref-1]; [@ref-16]; [@ref-53]), suggesting a recent connection of these two basins.

In general, drainage samples from the Brazilian and southwestern Guiana Shields (Aripuanã, Jaci-Paraná, Manicoré, Juruena, Xingu, Negro, Uatumã) present, in great majority, haplotypes of the central-eastern cluster detected by BAPS (see [Fig. 1](#fig-1){ref-type="fig"}). On the other hand, samples collected in the upper course of Madeira River channel (upper Madeira, Madeira between rapids, Porto Velho and Humaitá) presented a mixture of haplotypes, most of them from the central-west cluster. This heterogeneity of the Madeira River basin gives further credence to it being a conglomerate basin ([@ref-20]).

In conclusion, most of the individuals of *P. trigonatus* of Amazon basin rivers draining the Brazilian and Guiana Shields have central-eastern haplotypes, while rivers of Andean origin have central-western haplotypes. As the Madeira River basin receives input from both the Andes and the Brazilian Shield, this would explain the greater admixture proportion of the central-eastern and central-western haplotype groups in the Jaci-Paraná, Manicoré and Aripuanã rivers.

Implications for conservation
-----------------------------

This study provides evidence for the existence of two divergent lineages of *P. trigonatus*, providing yet another example of species with a broad geographic distribution and considered at low conservation risk by the IUCN, that comprise multiple independent lineages. These findings have an important bearing on the future of conservation of *P. trigonatus*. Lineages and/or cryptic species often are under anthropogenic threat or otherwise conservation dependent, something that would not be evident without the recognition of these lineages are evolutionarily independent entities ([@ref-94]). Although the two lineages diverged at the Miocene/Pleistocene boundary, we acknowledge that additional data, such as genomics, morphometrics and ecology will strengthen the inference that these lineages likely are different species.

One of the major problems for the taxonomic revision of *P. trigonatus* is uncertainly about its type locality. Older revisions (e.g., [@ref-91]; [@ref-65]) did not included any information about the type locality or stated it as "unknown" (e.g., [@ref-36]; [@ref-47]; [@ref-55]). [@ref-2] state that both the jar label and catalogue entry of the type specimen of *Crocodilus trigonatus* Schneider, 1801 (=*Paleosuchus trigonatus*)---a specimen from the private collection of Marcus Elieser Bloch---gives the locality "Süd America".

The problem, therefore, is to which lineage/species does the type specimen belongs to, and thus which of these two lineages is *Paleosuchus trigonatus*. Since it is probably impossible to track down the type locality of the ZMB 243 specimen based on historical data, we suggest another approach. By the use of ancient DNA techniques ([@ref-73]) it would be possible to assign to which lineage the holotype of *P. trigonatus* belongs to. Additionally, assuming two premises: (1) specimens from the type locality or its descendants still exist, and (2) that the lineages are geographically structured, it would be possible to assign the holotype to its topotypical populations with high accuracy by screening several loci (SNPs) generated by Next Generation Sequencing techniques and analyzed by methods such as the Discrimant Analysis of Principal Components (DAPC) ([@ref-44]).

Conclusions
===========

Geographically broadly distributed species are in particular need of studies that investigate population structuring and the existence of cryptic species hidden under one binomial epithet. It is only such analyses that will provide solid scientific data on diversity and distribution of these lineages, which, ultimately, underpin conservation efforts and management guidelines. This study provides evidence for the existence of two deeply divergent lineages of *Paleosuchus trigonatus*---Guiana and Amazonia---both strongly supported by species discovery, BAPS clustering and MDS analyses, with the two lineages diverging at the Miocene/Pliocene boundary. The Guiana lineage occupies Atlantic coastal draining rivers, and the upper reaches of the Branco River---an Amazon basin river---upstream of the Caracarai rapids, indicating a recent capture of the upper Branco River by the lower Branco. Within the Amazon basin, haplotype frequencies along the east--west axis sharply transition at the Negro and Madeira rivers, a pattern commonly observed not only in aquatic taxa but also in varzea birds ([@ref-15]). This study, therefore, is an important contribution to understanding the evolution of Amazonian biota in general, and for the conservation of *P. trigonatus* and its lineages in particular.

Supplemental Information
========================

10.7717/peerj.6580/supp-1

###### Sampling localities and number of samples (N) of *Paleosuchus trigonatus* utilized in this study

###### 

Click here for additional data file.

10.7717/peerj.6580/supp-2

###### Haplotypes (H), polymorphic sites, nucleotide position, and number of individuals per haplotype (N) sampled in this study

###### 

Click here for additional data file.

This study would have been impossible without the people who helped with the field collections: José Augusto da Silva, Luis Alberto Rondon, Denis Tilcara, Pedro Almeida, Reginey Gomes, Igor Joventino, Rommel Zamora, Alexandre Almeida and Priscila Azarak. We also thank the two anonymous reviewers for their comments, which improved the manuscript, and Michael Matschiner for his guidance with the ClageAge calibration method. This work is part of Pedro Senna Bittencourt's thesis in the Genetics, Conservation and Evolutionary Biology program of INPA/UFAM.

Additional Information and Declarations
=======================================

Tomas Hrbek is an Academic Editor for PeerJ. All other authors declare that there are no competing interests.

[Pedro Senna Bittencourt](#author-1){ref-type="contrib"} conceived and designed the experiments, performed the experiments, analyzed the data, contributed reagents/materials/analysis tools, prepared figures and/or tables, authored or reviewed drafts of the paper, approved the final draft.

[Zilca Campos](#author-2){ref-type="contrib"} contributed reagents/materials/analysis tools, authored or reviewed drafts of the paper, approved the final draft.

[Fábio de Lima Muniz](#author-3){ref-type="contrib"} contributed reagents/materials/analysis tools, prepared figures and/or tables, authored or reviewed drafts of the paper, approved the final draft.

[Boris Marioni](#author-4){ref-type="contrib"}, [Bruno Campos Souza](#author-5){ref-type="contrib"} and [Ronis Da Silveira](#author-6){ref-type="contrib"} contributed reagents/materials/analysis tools, approved the final draft.

[Benoit de Thoisy](#author-7){ref-type="contrib"} contributed reagents/materials/analysis tools, authored or reviewed drafts of the paper, approved the final draft.

[Tomas Hrbek](#author-8){ref-type="contrib"} conceived and designed the experiments, analyzed the data, contributed reagents/materials/analysis tools, prepared figures and/or tables, authored or reviewed drafts of the paper, approved the final draft.

[Izeni Pires Farias](#author-9){ref-type="contrib"} conceived and designed the experiments, analyzed the data, contributed reagents/materials/analysis tools, authored or reviewed drafts of the paper, approved the final draft.

The following information was supplied relating to ethical approvals (i.e., approving body and any reference numbers):

All individuals were captured and sampled under license granted by the Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renováveis (IBAMA, permits \#49641-2 and \#13048-1). ICMBio/IBAMA field collection permits are conditional that collection of organisms be undertaken in accordance with the ethical recommendations of the Conselho Federal de Biologia (CFBio; Federal Council of Biologists), Resolution 301 (December 8, 2012). Access to genetic resources was authorised by permit number 034/2005/CGEN.

The following information was supplied regarding data availability:

GenBank: [MH757465](https://www.ncbi.nlm.nih.gov/nucleotide?term=MH757465)--[MH757694](https://www.ncbi.nlm.nih.gov/nucleotide?term=MH757694).
